Increasing volumes of food waste, intense environmental awareness, and stringent legislation have imposed increased demands upon conventional food waste management. Food byproducts that were once considered to be without value are now being utilized as reusable materials, fuels, and energy in order to reduce waste. One major barrier to the valorization of food by-products is their high moisture content. This has brought about the necessity of dewatering food waste for any potential re-use for certain disposal options. A laboratory system for experimentally characterizing electro-kinetic dewatering of food by-products was evaluated. The bench scale system, which is an augmented filter press, was used to investigate the dewatering at constant voltage. Five food by-products (brewer's spent grain, cauliflower trimmings, mango peel, orange peel, and melon peel) were studied. The results indicated that electro-kinetic dewatering combined with mechanical dewatering can reduce the percentage of moisture from 78% to 71% for brewer's spent grain, from 77% to 68% for orange peel, from 80% to 73% for mango peel, from 91% to 74% for melon peel, and from 92% to 80% for cauliflower trimmings. The total moisture reduction showed a correlation with electrical conductivity (R 2 ¼ 0.89). The energy consumption of every sample was evaluated and was found to be up to 60 times more economical compared to thermal processing.
INTRODUCTION
The amount of food waste in the UK has been estimated at about 138,000 tonnes in 2006. [1] A key priority of the food industry is to divert processing waste streams away from landfill sites because most of the food waste is essentially biodegradable. Stringent legislation such as Article (5) section 2 of the European Union Directive 1999=31=EC now requires the reduction of municipal biodegradable materials going into landfills to 50% by 2009 and 35% by 2016. As a result of that, land-filling large volumes of food waste is becoming an increasingly expensive disposal option, making waste minimization more attractive than ever. A major barrier to the valorization of food waste was the need to reduce its high water content before further extrusion processing, [2, 3] which resulted in the relatively expensive energy costs for the entire of the processing, [4] making up approximately 90% of the total cost.
There are established dewatering techniques available to dewater wastes using mechanical, [5] compressional and centrifugal forces, [6] gravitational, and thermal. [7] [8] [9] A number of studies have investigated methods of optimizing and improving the efficiency of traditional convective drying methods; for example, Beke et al. [10] examined the effects of time, temperature, airflow rate, and product properties on the drying of grains, and suggested a range of optimal conditions depending upon the product characteristics. Grabowski et al. [11] had a different approach to improving the efficiency of convective drying, combining it with osmotic drying when drying grapes in a fluidized bed drier. They found that the drying time could be reduced by a factor of 1.5, when compared to convective drying alone, and had benefits in terms of improved product quality.
Electro-kinetic (EK) dewatering involves the application of a low electric potential across the waste layers that need to be dewatered, which has a great potential to be a simple and efficient way to not only dewater but also to accelerate the dewatering of food wastes. It involves application of a constant voltage (DC) across of pair electrodes placed across a volume of solid=liquid slurry. The application of this electric field causes several effects including electromigration, electro-osmosis, changes in pH, and electrophoresis. [12] [13] [14] Electro-osmosis is the most critical process for the successful dewatering of food suspensions such as grape, [11] vegetable sludge, [15] tomato paste, [16] cauliflower, mushroom and green pea. [17] Electro-kinetic dewatering is typically ten-fold more energy efficient than thermal dewatering, [18] but it has not been widely used commercially in food waste management, probably due to the process development costs and lack of understanding of the technology. Reducing the cost of dewatering could greatly facilitate the utilization of waste food material. Therefore, the objective of this study was to investigate the combined electro-kinetic and mechanical dewatering process under constant voltage conditions in order to enhance drying of food by-products and reduce costs.
Brewer's spent grain (BSG) is an example of a food by-product from the brewing industry. Because of its high moisture and fermentable sugar content, it becomes an environmental problem after a short time (7-10 days). [19] Due to the large continuous supply at relatively low cost and a potentially high nutritional value, if dried, BSG can be considered as an attractive adjunct to human food.
Oranges constitute the bulk of citrus fruit production, accounting for more than half of global production in 2004. [20] A large portion of this production is addressed to the industrial extraction of citrus juice, which leads to huge amounts of high moisture waste material. This material residue produces odor and soil pollution if disposed into landfills and represents a major problem for the industries involved. [21, 22] In 2005, world production of mango was estimated at 28.51 million metric tons. Mangoes are produced in over 90 countries worldwide with Asia accounting for approximately 77% of global mango production, and with the Americas and Africa accounting for approximately 13% and 9%, respectively. [23] Peel constitutes 15-20% of the total fruit and its disposal is a major problem causing environmental pollution. [24] Cauliflower has a very high waste index whereby almost 50% (stems and the outer leaves) of the plant is trimmed and removed during harvesting. Cauliflower trimmings are an excellent source of protein (16.1%), cellulose (16%), and hemicellulose (8%). [25] They are considered as a rich source of antioxidants and dietary fiber and it possesses both antioxidant and anti-carcinogenic properties. [3] Today's predominant melon varieties include watermelon, cantaloupe, and honey dew. The largest producer of cantaloupes and other melons in 2004 was China, accounting over for 50% of world production by weight, followed by Turkey with 6.1%, Iran with 4.4%, the U.S. with 4.2%, and Spain with 3.9%. [23] Melons are often consumed as desserts, snacks, in fruit salad, and for breakfast. Recently, marketing strategies by the food industry have focused on packed pre-cut product and in-store salad bars to appeal to consumers. These attempts have shifted melon waste from the conventional household waste to food industry waste and the amount produced is ever increasing.
METHODS

Sample Preparation
Five different types of food co-product were used. Brewer's spent grain was supplied by Holts Brewery, Manchester. Orange, mango, and melon peel were supplied by Orchard House Foods Ltd., UK. Cauliflower trimmings were obtained from a local wholesaler. Each waste was homogenized using a Tecator 1094 homogenizer for 1 minute, divided into 1 kg samples, and kept chilled at 4 C in a sealed plastic bag until used. Samples were taken from the fridge, one at a time when required, and left to reach room temperature for 24 hours before dewatering trials. Determinations were performed in triplicate and mean values reported. The coefficient variation was less than 10%.
Food By-Products Proximate Analysis
In this study, the pH was determined by pH meter (PS6 Poolpro, Myron L Company), moisture content by air oven method [26] (48 h in air oven at 105 C to constant weight), crude protein content was calculated from total nitrogen content of the sample as measured by the Kjedahl method. The factor Nx6.25 was used to convert total N 2 to crude protein, [26] fat content by the Caviezel method for total fat determination (AOAC International PVM 4: 1997), [27] ash was determined by combustion in a furnace at 550 C and weighing the residue; fiber was determined using a fiber test kit combination of enzymatic and gravimetric methods (Sigma-Aldrich, Inc., Saint Louis, MO)(AOAC 1997); electrical conductivity was carried out in accordance with 10.2 of BS.1377-3:1990 using the electrode disk method. [28] Electro-Kinetic Measurement Electrode
The EKG electrode was made by incorporating 1.0 mm diameter titanium-coated copper wires into the skin of a 2.0-mm-thick polyester woven filter cloth geotextile. The filter cloth had been cut into 141-mm-diameter discs in order to fit into the electro-osmotic cell as shown in Figure 1 . Titanium wires were coated in a mixed metal oxide to curb electrode corrosion associated with conventional EK dewatering. The wire spacing was made as small as practically possible at 7.5 mm center to center to improve the uniformity of the electric field applied to the sample. The resulting electrode has combined electrical conducting and filtration functions. For each electrode assembly, all of the wire ends were folded behind the filter cloth, joined and then connected to an insulated copper wire leading to the power supply. The electrode unit was fastened to a perspex disc (41.5 mm thick and 141.0 mm in diameter). Two sets of electrode assemblies were made to be installed above and below the material in the test cell ensuring a good electrical contact with the material under test.
Test Cell
Experiments were conducted in the purpose-built laboratory-scale EK dewatering cell shown in Figure 1 , which consists of two main parts: (A) a cylindrical Perspex specimen compartment (236 mm long and 143 mm in diameter) to contain the sample; the compartment was both water-and air-tight so that effluent water and gas volumes could be measured; and (B) a piston connected to a rolling diaphragm cylinder for application of a back pressure. In this way, the cell could be used to assess both mechanical and EK dewatering functions. The cell was made of Perspex because of its chemical resistance to the acid and alkali environments generated by the electrode reactions and to allow visual observation of specimens during testing. The cell assembly had electrodes sandwiching the specimen to be treated, thereby replicating a filter press.
Experiment Procedure
The cathode electrode assembly was mounted inside the cell to allow free vertical movement. For each test material, 500 g of the respective food by-product was placed in the electro-osmotic cell, which gave an approximate depth of 50 mm. The specimen thickness was considered to be realistic for this application; thicker samples reduce potential gradients, resulting in lower dewatering rates and longer processing times. The anode electrode assembly was then firmly fixed above the waste sample, making the cell both water-and air-tight. A constant back pressure of 75 kPa was then applied, by means of a pneumatic ram, at the base of the cathode assembly to ensure that both electrodes remained in contact with the slurry during dewatering. The ram was calibrated such that the input pressure, as read from an inline pressure gauge, could be directly interpreted as the pressure applied to the cell. The pressure applied simulated a modest mechanical loading typical of that provided by a commercial belt press. This pressure also represents a realistic surcharge loading of approximately 3.5 m of fill in an in-situ application. The energy used in applying pressure to the material during the dewatering trials was estimated based upon the volume displacement from the cell and hence distance travelled by the pneumatic ram (Equation 1).
. The region behind the electrodes and the effluent tubes from the cell were filled with tap water so that as soon as effluent was produced during treatment it could be measured. The amount added in the tubes was 102 ml. The effluent tubes were then connected to measuring cylinders, while the copper wires from the electrodes were connected to the respective terminals of a constant DC power supply. The power supply was switched on while simultaneously opening the taps at the effluent outlets. In all experiments a processing time of 15 minutes was adopted. In each test the volume of effluent water was monitored throughout the test. The final moisture content of the press cakes was determined using the air oven methods. [26] The pH of the effluent at the end of each test was also investigated. By measuring temporal electrical current into the cell, the electrical energy, E (kWh), consumed during each experiment was determined using Equation (1) .
where V ¼ voltage (V), I ¼ current (A), and t ¼ Processing time (h).
Reproducibility and Statistical Analysis
All the experiments were replicated, so that the data in the paper are all mean values of three tests with a coefficient of variation of less than 10%. Statistically significant differences between values were determined at the P < 0.05 level using a multiple comparison test performed by SPSS 12.0.1 statistical analysis software (SPSS Inc., Chicago, IL) and correlation between parameters using Microsoft Excel 2002 (Microsoft Corporation, Sacramento, CA). 
ELECTRO-KINETIC TECHNOLOGY FOR DEWATERING FOOD BY-PRODUCT
RESULTS AND DISCUSSION Proximate Analysis
The proximate analysis for each of the food by-products is listed in Table 1 . Melon and cauliflower samples showed the highest electrical conductivity and moisture content. It seems the higher the moisture content the more potential there is to remove the moisture, thus decreasing the volume of waste. Similar findings were reported by Al-Asheh et al., [16] who used an electroosmosis technique to dewater a tomato paste suspension. Whilst Al-Asheh et al. do not dwell on the composition of the sample being dewatered, they do highlight the role of antioxidants (lycopene in their study) in mopping up radicals generated as a result of electrolysis occurring during dewatering. The fruit and vegetable materials dewatered during this current study are known to contain significant levels of antioxidants (L-Ascorbic acid, Ferulic acid, etc.) and hence a similar effect would be anticipated. Spent grain is the least conductive but has the highest protein, fat, ash, and fiber content compared to the rest. In terms of pH, the cauliflower sample showed the highest pH and the mango peel the lowest. Figure 2 shows the amount of effluent discharged from brewer's spent grain, melon, mango, orange, and cauliflower trimmings, for a specified voltage at 15 minutes elapsed time. This graph clearly shows the increase in the amount of effluent discharged when mechanical pressing (0 V) is augmented with an electrical field of 15 or 30 V. The pressure applied during each measurement was kept constant at 75 kPa. The general increase in total effluent volume with increase in applied voltage observed in all the experiments can be explained by Ohms law, which states that the current flowing through a circuit is directly proportional to the applied voltage. Higher applied voltage increases the current density, which in effect increases the electrolytic and electro-osmotic processes within the cell. A study carried out on biomass [29] showed that the efficiency of electro-kinetic dewatering is higher at lower voltages. This study showed that although the mass of water removed is greater at 50 V as compared to the lower voltage, the energy required to remove a unit mass of water by electro-kinetic will increase with voltage and thus reduces the total drying efficiency. This may be due to increased energy being wasted in Joule heating (specific heat capacity) and providing latent heat of vaporization for phase change of water at higher voltages. Controlling the temperature by regulating the applied voltage will result in more efficient usage of electrical energy. Al-Asheh et al. [16] carried out studies both in constant current and constant voltage dewatering of tomato paste with their results showing little difference in the total amount of water removed at a given time. When compared with the results given in Figure 2 , it is apparent that lower levels of water were removed after 15 min. This may be accounted for by the absence of mechanical pressure being applied to the sample, i.e., the bed depth was maintained at a constant level. Al-Asheh et al. note marked differences in the water extraction rate when the bed depth is varied with a thinner bed showing higher rates of water removal. Thus the observed increased extraction rate may also be aided by not only the compression of the sample but also the corresponding reduction in the bed depth. Table 2 shows the moisture content of the pressed cakes obtained from every measurement. The results show a consistent decrease in the moisture content with increased applied voltage for all samples. Similar results were also reported by Chen et al., [15] who investigated the use of electroosmotic dewatering on vegetable sludge. Weber et al. [30] developed a simple mathematical model, which predicted these phenomena, i.e., increased voltage results in an increased removal of water. The average reduction in moisture is 7.15% for BSG, 16.90% for melon, 6.85% for mango, 8.56% for orange, and 12.09% for cauliflower respectively (Table 2 ). Cauliflower and melon show the highest reduction in moisture content and this might be due to their higher electrical conductivity (S=m) as shown in Table 1 . If the water is expressed as a volume reduction and proportion of the sample it may be due to a combination of both; however, all samples were pre-treated in the same manner, thus the higher water content samples is how it is in real life. The difference between the start and the control is probably due to mechanical action, and the difference between the control end point and the 15 V end point is as a result of the EK being applied to the sample. This allows comparisons to be drawn within a sample stream. The connection between streams is probably more difficult as sample changes. Samples with higher conductivity allow more ions to migrate towards the oppositely charged electrode, which transfers momentum to the surrounding pore fluid molecules. This ion migration causes electro-osmotic flow, which contributes to the success of the electro-kinetic dewatering process. Mango and BSG showed the lowest reduction, which correlates with their electrical conductivity (S=m) values. The moisture reduction of every sample showed a correlation (R 2 ¼ 0.83) with their respective electric conductivity value. This suggested that the conductivity measurement might be a good indicator to conclude how well electro-kinetic method can dewater a particular food waste. However, the electrical conductivity is not the only parameter that determines the efficiency of dewatering. Other parameters, such as the composition of the food, which affect the water binding capacity of each sample, will also determine the dewatering efficiency. For example, fiber is well known for its high water holding and binding capacity. Fibre can directly bind water in a number of ways [31] and material with high fiber content should show a higher resistance towards EK dewatering. Besides fiber, protein also can increase the water-holding capacity of a sample. Generally, the water held in protein structure can be divided into two main types: 1) the part bound to the molecule and is no longer available as a solvent; and 2) the part trapped in the protein matrix or a corresponding co-matrix (polysaccharide, fat). The first type can be regarded as absorbed water and the second as retained water. In most cases, the water-holding capacity of a protein matrix is determined by both the amount of absorbed and retained water. [32] The waterholding capacity of protein depends not only on pore and capillary size but also on the charge of the protein molecules (hydrophobic interactions, hydrogen bonds, S-S bonds, acids, bases as well as van der Waals' forces). In addition to these parameters, the surrounding medium may also affect the protein due to its ionic strength, ion species, pH condition, and temperature. [32] These imply that a clear understanding of the water-holding capacity of a substance can only be achieved by studying its physiochemical behavior as well as its microstructure. In this study, conductivity appears to be dominant as no correlation with fiber and protein as anticipated was established.
Volume of Effluent Discharged
Power Consumption
The total power consumption of electro-kinetic dewatering can be calculated as the sum of electrical power consumed by applied voltage across the sample and the mechanical power applied by the hydraulic pressure ram. In this discussion, a comparison of the total power consumption during electro-kinetic dewatering and conventional thermal drying process is made. The theoretical calculated energy required for thermal removal of water was determined using a value of 43 kJ mol À1 , as quoted by Al-Asheh et al. [16] The theoretical energy required to remove the same amount as removed during EK by thermal energy is as shown in Table 3 . These theoretical values assume 100% energy transfer efficiency by the heating mechanism (oven, hot plate, etc.), although the efficiencies are in reality much less than this.
The power consumed in applying a constant pressure of 75 kPa to the material being dewatered was estimated from the maximum volume displacement of the cell recorded during all of the trials carried out (Equation 1 ). This is in some cases an over-estimate of the energy used as less displacement was recorded in some samples. While the calculation makes no allowance for the efficiency of the system, the energy involved in this process is so low that, even at a very low efficiency, EK dewatering would still compare favorably with thermal drying. The total power consumed by the applied voltage is calculated using Equation (2) . In each measurement, the current flow through the sample is noted for 15 minutes. During this period, the electrical resistance increases gradually as the amount of water in each sample is reduced and subsequently the current across the sample is also reduced. The current value is used to calculate the total power consumption of every sample.
For all experiments, an increase in the voltage supply resulted in power increase consumption per unit water removed. Table 3 shows the energy required to dewater the sample at 15 and 30 V. The thermal column of each section represents the equivalent energy needed to remove the amount of water from each sample by thermal drying. Figure 3 shows the ratio between the thermal energy and EK energy needed to remove the same amounts of water from each sample. This plot shows that the theoretical calculated energy required for thermal removal of equal amounts of water are significantly higher than the energy required by electro-kinetic dewatering. BSG showed the highest differences while orange shows the smallest ratios across the range of voltage applied. Higher voltage did not show an increase in dewatering efficiency. Energy is wasted in joule heating (specific heat capacity) and providing heat of vaporization for phase change of water rather than favoring the more efficient electro-osmosis process. This is observed during the measurement when the temperature of the sample increases with higher applied voltage. Although melon peel has almost the same conductivity as the cauliflower sample, the recorded current flow through the sample decreased rapidly with time compared to cauliflower samples. Thus, the total power consumption is less than that seen in the cauliflower sample. It seems that electro-kinetic dewatering performance is dependent upon the type of food by-product applied. However, this work is still in progress using different voltages and different food wastes. The chemical composition of the food materials will be also taken into consideration. Despite the variation between samples, electrokinetic dewatering presents an energy efficient alternative to convection drying and is relatively quick when compared with other drying techniques. Shukla and Singh [17] studied the use of osmo-convective drying as a method for improving efficiency when drying cauliflower, mushroom, and green pea. Their study showed a significant reduction in the energy required to dry the products (when compared with solar and convective methods), along with improvements in color and microbial load. However, despite the energy reduction, the process is time-consuming and no consideration is given to dealing with the solutions remaining after drying. Thus, electrokinetic dewatering may be considered to have distinct advantages over other process, including osmo-convective drying. Table 4 shows the pH measured at both cathode and anode for each sample at 0, 15, and 30 V. Generally, the effluents discharged from the cathode show higher pH compared to the effluents discharged from the anode after the dewatering process. This is due to the accumulation of H þ at anode and OH À at cathode during electrolysis of water. Higher voltage increases the concentration of both H þ at anode and OH À at cathode. Assuming that only water is electrolyzed, the pH alteration gives a good indication on the amount of water electrolyzed and released as gas during the dewatering process. This gives another dimension for a detailed analysis of the dewatering process in terms of water removed by electrolysis, applied pressure, and the voltage gradients.
Effluent pH
CONCLUSION
An experimental system to study electro-osmotic combining mechanical dewatering of different food byproducts has been developed. The system was used to characterize electro-kinetic dewatering under constant pressure and constant voltage conditions. It was found that at constant voltage and pressure the water removed increases with the magnitude of the voltage applied across the sample. The performance of EK process is also dependent upon other parameters such as the conductivity and the composition of each material. Samples with higher electrical conductivity show higher dewatering efficiency. Correlation between conductivity and current indicated that samples with higher conductivity allow elevated current flow, which encourages the electro-osmotic flow within the sample. The power consumption of the electro-kinetic dewatering was found to be significantly lower than conventional drying methods. This study shows that electrokinetic dewatering of food by-products is feasible technically and has the potential as an economical predrying process to reduce moisture content of food waste. Thus, electro-kinetic dewatering should be given serious consideration for future dewatering application within the food industries. 
